In this paper, a distributed precoding scheme based on Tomlinson-Harashima Precoding (THP) 
Introduction
In order to provide higher spectral efficiency, the base stations (BSs) or broadband mobile accesses will be more densely deployed [1] . These deployment trends lead to severe co-channel interference, which causes severe performance degradation of contemporary multi-cell wireless networks. Hence, further improvement of the network spectral efficiency and cell edge throughput are very important aspects of the next generation cellular systems [2] .
To address these issues, Coordinated Multi-Point transmission (CoMP) technologies [3, 4] were proposed in Third Generation Partnership Project (3GPP) to improve the quality of the received signal at the cell edge user, and to reduce the intense inter-cell interference (ICI) in multi-cell environment with universal frequency reuse. CoMP technologies are generously categorized into Joint Processing (CoMP-JP) and Coordinated Scheduling/Beamforming (CoMP-CSB) [4, 5] .
Several CoMP-JP schemes were proposed to improve the performance of cell-edge users and overcome ICI [6] [7] [8] [10] [11] [12] . The authors in [6] combined centralized scheme, zero-forcing (ZF) precoding and centralized power allocation. However, the major challenges for practical CoMP systems concern complexity and overhead in [6, 7] . In [8] , the authors proposed a downlink joint transmission scheme based on Tomlinson-Harashima Precoding (THP) [9] , but the cost for the joint transmission is also the heavy exchange of CSI at the BS. To reduce the complexity and the overhead for the CSI exchange, a framework for decentralising multi-cell processing was proposed in [10] , but the feedback overhead still exists. The distributed precoding schemes were proposed in [11, 12] , where the cooperating BSs share knowledge of the data symbols but only have locally available channel state information (CSI), thereby reducing the feedback overhead on the uplink and avoiding CSI exchange between BSs. However, the schemes do not support multiple intra-cell (IC) users. In this paper, the IC users denote those inside the cell, while the other-cell (OC) users represent those outside the cell.
As an alternative to CoMP technologies, the CoMP-CSB schemes were proposed to enable intercell interference coordination [13, 14] . In [13] , an adaptive inter-cell interference cancellation (ICIC) strategy was proposed, where coordinated single-cell transmission was applied in the form of ICIC through ZF precoding. However, the scheme does not efficiently exploit spatial degrees of freedom (DOF) and not support multiple IC users. In [14] , the authors proposed a decentralized BS processing method for downlink CoMP systems, but canceling other-cell interference for neighboring cells consumes available spatial DOF and reduces the received signal power for the home user.
In this paper, we propose a distributed precoding scheme based on THP for downlink multi-cell multi-user Orthogonal Frequency-Division Multiple Access (OFDMA) wireless systems, which can eliminate the overhead for the CSI exchange, efficiently exploit the available spatial DOF and support multiple users per cell. In the proposed scheme, based on local CSI, each BS designs one forward precoder and one feedback filter per user group for the transmission from itself to corresponding user group (i.e., IC user group or OC user group). Here, each forward precoder is adopted to mitigate the inter-cell interference (ICI), and each feedback filter is employed to perform the pre-subtraction of inter-user interference (IUI) within the corresponding user group. Then, basing on information exchange among the BSs, each BS is able to do distributed CoMP. More specifically, each BS locally obtains one interference channel and one transmitting channel per user group for the transmission from itself to corresponding user group over a time-frequency data symbol. Next, project each transmitting channel on the null space of corresponding interference channel. Then, each BS derives one projected channel (i.e., DPC channel) per user group to design the corresponding forward precoder and feedback filter based on ZF-THP precoding method [9] . Thereafter, each BS performs distributed CoMP to simultaneously serve both the IC user group and the OC user group. Note that the proposed scheme belongs to CoMP-JP, where each user receives data from multiple BSs. Thus, each BS can efficiently exploit the available spatial DOF by simultaneously serving multiple user groups.
From simulation results, we can observe that, under signal-to-noise ratio (SNR) constraint 100, the proposed scheme maintains the best performance level as increases, for . Also, it is demonstrated that the proposed scheme outperforms the cases of the CoMP scheme proposed in [14] (we name it as the Projected Channel DPC scheme in this work) and the CoMP scheme proposed in [13] (we name it as the Co-BF scheme in this work) under the condition of .
This paper is organized as follows. In Section 2, we describe the system model. Section 3 presents the proposed scheme at length. Section 4 gives the simulation results and discussions. Finally, the paper is terminated with conclusions in Section 5. The following notations are used throughout this 
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System Model
In this paper, we consider a downlink multi-cell multi-user wireless system with M cells and users. Each cell consists of one BS with transmit antennas and
which has receive antenna and is located on the cell-boundary. Communication takes place simultaneously from all BSs to all users on the sub-channel (i.e., sub-carrier) assuming an OFDMA transmission scheme with a frequency reuse factor equal to 1. The DOF of each BS may be defined as the number of available signal space dimensions by using antennas. For notational simplicity, we respectively treat the IC or OC users as a user group (i.e., we divide users into 1 r N = K M user groups). Throughout the paper, we make some assumptions as follows.
Assumption 1:
Each BS perfectly knows the local instantaneous CSI. Assumption 2: The neighboring BSs can share the data symbols intended for both the IC users and the OC users.
Following these assumptions, each BS is able to do distributed CoMP.
We denote the 1 channel vector from the b th BS ( 1 x n denote the data symbol intended for the k th user in the th user group over timefrequency data symbol . Stacking the data symbols intended for the users in the th user group, we get the data symbol vector
The feedback filter for the transmission from the th BS to the g th user group over timefrequency data symbol n are given by
performs the interference pre-subtraction, for .
( 1, , 
where the modulo operator
and depends on the constellation. The modulo operator is applied to prevent a possibly large power increase due to the pre-subtraction.
a
We denote the transmitted signal from b th BS over time-frequency data symbol as ñ
where represents the precoding matrix for the transmission from the th BS to the g th user group and
x n x n x n x n = denotes the data symbol vector intended for the th user group. For simplicity, it is assumed that we allocate unit power to all the users. g Then, the received signal of user in the th user group over time-frequency data symbol can be expressed as 
Proposed Distributed Precoding Scheme Based on THP
In this section, a novel distributed precoding scheme based on the following constructed model (i.e., distributed CoMP model) is designed through THP. For simplicity but without loss of generality, a simplified 2-cell distributed CoMP model is depicted in Figure 1 
Proposed Distributed Precoding Scheme Based on THP at the BS
As mentioned earlier, the first user group consists of the user 1 and the user 2, and the second user group consists of the user 3 and the user 4, and then we propose a distributed precoding scheme based on THP at the BS as follows.
Step 1: Each BS locally obtain the transmitting channel Step 2: Let A Novel Distributed Precoding Scheme Based on THP for Downlink Multi-Cell Multi-User OFDMA Wireless Systems Zhu Yazhou, Zheng Guoxin, Rui Yun, Li Mingqi
Step 3: The ZF-THP precoding method can be applied to for the transmission from the th BS to the g th user group over time-frequency data symbol . The ZF-THP precoding method can be summarized as follows. 
3. To keep transmit power constant, we choose
4. The forward precoder is denoted as
Note that lies in the null space of , which will be proved in LEMMA 1; that is, can eliminate the interference caused to the th user group. In addition,
B n is employed to perform the pre-subtraction of IUI within the g th user group. Therefore, the proposed shceme can support multiple users per cell.
Step 4: Each BS performs distributed CoMP to simultaneously serve both the IC user group and the OC user group. Thus, each BS can efficiently exploit the available spatial DOF.
Detection of the Proposed System
As mentioned above, the received signal of the k th user in the th user group is given by (5).
Stacking the received signals of the users in the th user group, the signal components that will go through the decision devices can be represented as g g~~~~~_ = for all the cell-to-user links. In the CoMP system, this assumption is reasonable for the cell edge users, whose large scale fading factors are similar. The simulation parameters in the evaluation are described in table 1. The proposed scheme is compared with the Co-BF scheme and the Projected Channel DPC scheme for evaluation. Table 2 describes the performance of the proposed scheme according to the number of BS antennas under the constraint of SNR=100. The bit error rate (BER) (or block error rate (BLER) or frame error rate (FER)) value ranges from 1 to 0. At SNR=100, the system is interference-limited. If each BS has sufficient DOF to eliminate both the ICI and the IUI within each user group, the performance is best. Therefore, under the constraint of SNR=100, we can identify the required minimum DOF when the BER (or BLER or FER) changes from a positive number to 0. From the table 2, we observe that the proposed scheme maintains the best performance level as increases, for . It can be explained by the fact that, if , each BS has sufficient DOF to eliminate all the interference. We assume for the simulations. BER point, the proposed scheme brings about 4dB and 15dB better performance than that of the Projected Channel DPC scheme and the Co-BF scheme, respectively. Compared with the Co-BF scheme, the performance improvement over the proposed scheme comes from efficiently exploiting both multi-user diversity and the available spatial DOF. Moreover, the proposed scheme has better performance than the Projected Channel DPC scheme, which can be explained by the fact that each BS can exploit the available spatial DOF to perform nullspace projection for multi user groups (i.e., both IC user group and OC user group) in the proposed scheme, while each BS only exploits the available spatial DOF to perform nullspace projection for IC user group in the Projected Channel DPC scheme. Therefore, the proposed scheme is able to provide a considerable performance gain through efficiently exploiting the available spatial DOF. 
Conclusions
In this paper, we has detailed a distributed precoding scheme based on THP for the downlink multicell multi-user OFDMA wireless system. The key feature of the scheme is that each BS can do distributed CoMP to simultaneously serve both the IC user group and the OC user group, without the need for CSI exchange. In this way, the proposed scheme can eliminate the overhead for the CSI exchange, efficiently exploit the available spatial DOF and support multiple users per cell. Through numerical simulations, we have demonstrated that the proposed scheme is able to provide a considerable performance gain.
